actions between communities such as plants and pollinators and have the potential to quantify the effects of environmental changes, such as habitat fragmentation (Memmott et al., 2007; Tylianakis et al., 2008) . In analyses of multiple plantanimal mutualistic networks, Bascompte et al. (2003) and Jordano et al. (2003) reported high levels of generalization and highly nested networks (although networks with high level of generalization not always will be nested (see Almeida-Neto et al. 2008) . Nested interaction networks are thought to be highly cohesive, because generalist plants and animals tend to interact with each other. As a result, the concept of pollination syndromes has been widely questioned, since plant-pollinator interactions have been shown to be more generalist than was previously thought (Hingston & McQuillan, 2000; Ollerton et al., 2009 ). However, a recent study of a plant-pollinator network showed that 69% of the total interactions resulted from the functional group of pollinators predicted by the plant RESEARCh ARTICLE -BEES syndrome (Danieli-Silva et al., 2012) . Of the numerous ecological network properties, network 'robustness' [a measure of the tolerance of the network to species extinctions (Dunne et al., 2002; Memmott et al., 2004) ] has received particular attention, partly driven by advances in computational modelling (Kaiser-Bunbury et al., 2010; Staniczenko et al., 2010) , but mostly by the desire to understand the real threat of biodiversity loss to ecosystem services and functioning (see Santos et al., 2012) . Recent work suggested that plant-pollinator networks are less robust to species extinction than other plantanimal interaction networks such as invertebrate-parasitoid and bird-seed feeder networks (Pocock et al., 2012) , which is pertinent given the current decline of pollinator populations in many parts of the world (e.g. Biesmeijer et al., 2006) . However, to our knowledge, no study has considered the importance of floral syndromes in robustness analysis of plant-pollinator networks.
The flowers of Passifloraceae are considered primarily nectar sources for pollinators, and these plants may depend on these agents for their reproduction, since many species are self-incompatible (Sazima & Sazima, 1978; Koschnitzke & Sazima, 1997) . Interspecific variation in floral morphology, relative to the perianth and corona orientation, size and colour of the sepals, petals and filaments, and volume and sugar concentration on nectar (Varassin et al., 2001) , can distinguish species that attract different pollinators. In this case, the identification of pollination syndromes appears to be a valuable tool for prediction of the main pollinators of Passifloraceae species. However, the association between plants and pollinators may not be so evident, and analysis of the composition of visiting animals, their body size, behaviour and frequency of visits are essential to better understand pollination processes.
Passifloraceae are distributed in the tropics and subtropics, and among the 600 species, 150 occur in Brazil (Souza & Lorenzi, 2005) , represented mostly by vines and scandent shrubs. Studies about their pollinators indicate different functional groups in several biomes. Moths and bats are the main pollinators of species with nocturnal anthesis (Sazima & Sazima, 1978; Buzato & Franco, 1992; Varassin et al., 2001) , while bees (Koschnitzke & Sazima, 1997; Varassin et al., 2001) , hummingbirds (Vitta, 1997; Fischer & Leal, 2006; Varassin et al., 2001) , wasps and butterflies (Koschnitzke & Sazima, 1997; Varassin et al., 2001 ) pollinate species with diurnal flowers. For some Passifloraceae however, plantpollinator interactions are poorly understood, which may be important given the ecosystem service provided by animal pollinators for cultivated species such as P. alata (Gaglianone et al., 2010) and P. edulis (Benevides et al., 2009; Yamamoto et al., 2012) .
In this study, we examine the plant-pollinator interactions of Passifloraceae occurring in fragments of Atlantic forest. The lowland seasonal Atlantic forests are biodiversity hotspots but have been severely devastated and fragmented over the last century. The remnants in the southern part of its distribution are small and isolated fragments subjected to a range of anthropogenic pressures, such as proximity to urban areas, intensive cultivation and pasture. Investigating the robustness of these plant-animal interactions to species loss in these forest fragments is thus to plan possible management actions. By examining whether the body parts of animals contact the anthers and stigmas of the flowers, we use our data to construct and compare the structures of the 'true' plant-pollinator network with the general plant-flower visitor network, the latter widely (and wrongly) termed in the literature as 'plant-pollinator' networks despite lack of evidence of actual pollination. In this study our aims are: 1) to describe the floral biology and pollinators of sympatric species of Passifloraceae in a remnant of lowland seasonal Atlantic forest, including new pollination data for two species not previously studied; 2) to compare the structure of quantitative plant-pollinator and plant-flower visitor networks; 3) to examine the robustness of the networks to simulated plant and animal extinctions. Our expectation is that the true plant-pollinator network is less robust than the more complex plant-flower visitor network; 4) to examine the importance of pollination syndrome on network robustness.
Material and Methods

Study sites
The study was conducted in two fragments of lowland seasonal semi-deciduous forest -Guaxindiba Ecological Station (21°24'S and 41°04' W, circa 1200 ha) and Funil Forest (21°33'S and 41°02' W, 130 ha), in Rio de Janeiro state, Brazil. The average annual rainfall in the region was 1023 mm. This vegetation physiognomy also known as "tabuleiro" forest occupies a large tertiary plain area near the coast with plant species distributed along a coastal-inland climate gradient (Rizzini, 1979 ). The sclerophylly is also a distinguishing feature of these forests, where in general, epiphytic species are rare (Rizzini, 1979; Silva & Nascimento, 2001 ). The Ecological Station represents the largest remnant of this forest type in the state of Rio de Janeiro, which suffered high impact in the past due to deforestation for plantation crops, pasture, charcoal production, and logging of commercial timber species (Villela et al., 2006) .
Five species of Passifloraceae with diurnal flowers occurred in the area: Passiflora alata Curtis, Passiflora kermesina Link & Otto, Passiflora malacophylla Mast., Passiflora suberosa L. and Mitostemma glaziovii Mast., and we studied aspects of their floral biology as well as animal visitors. The floral biology and pollinators of Passiflora malacophylla and M. glaziovii have not been previously described.
Sampling and Data collection
The flowering period of the five species was monitored monthly and blooming plants were monitored weekly from May 2004 to October 2005. Morphological features including colour, shape and size, and also odour were obtained from fresh material. The time and duration of anthesis was determined by monitoring marked flowers from pre-anthesis to the closing of the petals.
To check the volume and solute concentration in the nectar throughout the day, we isolated buds (n=5) in preanthesis and monitored the same flowers during one day. In 1-hour intervals, the entire content of nectar was collected, using graduated microcapillary (± 5μl) or syringes (± 0.3 ml). The solute concentration in the nectar was measured using the Brix scale with a manual refractometer (BS Eclipse model). The nectar was collected until the closing of the petals or until the total absence of this resource.
We tested the self-pollination through the bagging of flowers (n=4 to 19) in pre-anthesis phase, without manipulation (spontaneous self-pollination) and after they were manually pollinated with their own pollen (hand self-pollination). Tested flowers were monitored until fruit maturation or flower senescence. The fruit set was calculated from the number of tested flowers (n=4 to 19) and formed fruits in each treatment.
We attributed categories of pollination syndromes using the following floral traits: size, height of stigmas, colours, presence of odour, anthesis time, nectar volume and nectar concentration (Faegri & Pijl, 1979) . The melittophily was considered according to the functional groups of bees in pollination by large (height of the thorax more than 6mm), medium sized (between 3 and 6mm) or small (less than 3mm) bees (scale adapted by the authors).
We captured the floral visitors with entomological nets on the flowers during their visits for taxonomic identification. The vouchers of plant and pollinator species were deposited at the 'Universidade Estadual do Norte Fluminense Darcy Ribeiro', in Campos dos Goytacazes, RJ, Brazil, in the Herbarium (HUENF) and Zoology Collection of Laboratory of Environmental Sciences, respectively.
In order to analyse the frequency of visits we counted all visitors during timed observation sessions totaling at least 6 hours in one to four observation-days for each plant species. Besides the frequency of visits, behaviour features such as landing site, intra-floral behaviour and time spent on the flower were recorded by focal observations throughout the day (Dafni, 1992) . Visitors were considered legitimate pollinators when they contacted the reproductive parts of the plants during the visits for nectar collecting; visitors whose size did not permit contact with the reproductive parts were considered robbers, as well as floral visitors arriving on the flower illegitimately or damaging parts of the plant.
Analysis
We tested the differences among the values of volume and concentration of nectar along the day through analysis of variance (ANOVA) in R 3.0.1 (R Core Team, 2013) . For each Passifloraceae species, we calculated the diversity of visitors using the Shannon index (Magurran, 1988) .
For the network analysis, we pooled all plant-flower visitor interaction data into a single matrix incorporating plants, animals and the total number of interactions observed in the field. We created a separate plant-pollinator matrix by excluding the animals observed visiting the flowers, rather than pollinating them (e.g. some nectar feeders). We visualized the quantitative networks and examined the robustness (R) of the two networks to simulated species extinctions using package 'bipartite' in R 3.0.1 (R Core Team, 2013) . First, we simulated the sequential loss of pollinating animals and recorded the proportion of plants still remaining, calculating robustness as the area under the curve (Burgos et al., 2007) . If R → 1, this is consistent with a very robust system in which, for instance, most of the plant species survive even if a large fraction of the animal species go extinct. Conversely, if R → 0, this is consistent with a fragile system in which, for instance, even if a very small fraction of the animal species are eliminated, most of the plants loose all their interactions and go extinct.The order of extinction was based on the most-to-least connected animals. This is the most extreme case, where the most generalist species goes extinct first (see Memmott et al., 2004) . Second, we simulated the sequential loss of flower-visitors and recorded the proportion of plants still remaining. This was to compare the robustness of the two networks. Third, we simulated the sequential loss of plants (most-to-least connected) to examine the cascading effects on the interacting animals. In all cases robustness values were compared with null models (n = 100) using t-tests to determine whether robustness values were significantly different to random. Finally, to examine the importance of pollination syndromes, we calculated robustness values for the networks based on the sequential loss of large-to-small flowers and large-to-small body-size animals.
Results
Flowering period and plant reproductive systems
Mitostemma glaziovii flowered only in the dry-season, for approximately six weeks, with simultaneous production of a large number (averaging 53) of open flowers per individual. Passiflora alata, P. malacophylla and P. suberosa flowered exclusively in the rainy season (during one to three months). Passiflora alata opened only a few flowers per day and presented low synchrony between individuals. In contrast, P. kermesina flowered throughout the year with few open flowers per plant (on average 2 flowers) and few flowering individuals simultaneously. The flowers opened up to 5am and lasted until one day. Passiflora malacophylla had the shortest anthesis (six hours), while P. kermesina had the longest one (24 hours) ( Table 1) .
Passiflora alata, P. kermesina and P. malacophylla produced no fruit in selfing experiments, whereas P. suberosa and M. glaziovii produced fruits in hand self-pollination experiments (Table 2 ), in different rates.
Pollinators attraction
Passiflora kermesina and P. alata have the largest flowers considering the diameter and height of the stigmas (Table 2, Fig 1) . The flowers have four (M. glaziovii) or five (the others) petals, the ovary is elevated on an androgynophore. The flowers of P. alata have petals and sepals purplishred and corona with long filaments striped violet and white. Flowers of P. malacophylla have white petals, sepals and filaments. The petals and sepals of P. kermesina are dark pink and short filaments of corona are purplish-violet, densely arranged. Passiflora suberosa has yellow-green sepals and filaments. The flowers of M. glaziovii have sepals and petals white and orange filaments of corona (Table 2, Fig 1) . Flowers of Passiflora alata, P. kermesina and P. malacopylla are axillary and solitary; M. glaziovii presents axillary or terminal inflorescences, whereas P. suberosa has axillary flowers solitary or in pairs.
The volume of nectar produced per flower during the day did not change significantly for P. alata (p> 0.05), although slightly higher values were observed at 11am, when it reached 42 µl in one hour. The average concentration of solute in the nectar for this species also did not vary during anthesis (p> 0.05) and reached 45% (Fig 2) . Nectar production of P. kermesina occurred throughout the day, peaking between 10am and 12pm reaching 44 µl per hour at 11am. After this time the production decreased until 4pm, when only about 4 µl were produced in a flower during one hour. The total concentration of solutes present in the nectar was kept constant during anthesis (Fig 2) . For M. glaziovii, nectar production was higher at the beginning of anthesis, between 5 and 6.30am (Fig2), 8µl per flower on average, decreasing continuously (p <0.05) up to 12pm when the average production was 0.2 µl per flower per hour. The concentration of solutes in the nectar of this species did not differ (p> 0.05) along the day.
Based on the analysed features, the Passifloraceae species were closer to the patterns described for species melittophilous, psicophyllous, ornithophilous and pollination by small insects (Table 2) .
Floral visitors and Pollinators
Mitostemma glaziovii was visited more frequently by Hesperiidae butterflies (Table 3 , Fig 1F) . They land on the corona and insert the proboscis between the corona and androgynophore in search of nectar, and after that pollen grains were observed in the proboscis. Large bees such as Eulaema nigrita Lepetelier, Eulaema cingulata (Fabricius), Xylocopa ordinaria Smith and Xylocopa frontalis Oliver were rarely observed visiting flowers of M. glaziovii, and in those cases always contacted the reproductive parts of the flower with the thoracic and metasomal sterna (Fig 1G) . Medium-sized bees Table 1 . Flowering of Passifloraceae species studied in lowland seasonal semi-deciduous forest, RJ, Brazil. FP: flowering period; AN: beginning of anthesis; DA: duration of anthesis in hours; NF: numbers of flowers per plant; n = number of flowers analysed; ni= number of plants analysed (M= mean e SD = standard deviation).
Jan to Dec 5 to 5:30h (10) 24 (10) 2 ± 0.8 (6) Passiflora malacophylla Jan 5 to 6:00h (14) Apis mellifera L. was the most frequent visitor of P. malacophylla, collecting pollen and nectar from flowers in visits that lasted on average 23 seconds (Table 3) . These bees landed directly on the anthers to collect pollen and they could empty their content during one visit. Sporadically Xylocopa frontalis and Xylocopa ordinaria visited flowers in search of nectar and always contacted the reproductive parts with the dorsal thorax.
The most frequent visitors of P. suberosa were small bees, such as Plebeia sp. (Table 3 ) that visited flowers in search of pollen and nectar. These bees landed directly on the anthers and collected large amounts of pollen. When seeking nectar, they landed on the sepals and walked to the ring nectary. Individuals of medium-sized bees Hypanthidium foveolatum (Alfken) visited the flowers of P. suberosa less frequently, contacting the reproductive parts on thoracic terga while feeding on the ring nectary (Table 3 , Fig 1E) .
The highest richness of visitors was observed for Mitostemma glaziovii, while the highest diversity was observed for P. kermesina and M. glaziovii (Table 3) . The flowers of P. alata were visited exclusively by bees, and Epicharis flava (Friese) was the most frequent visitor (Table 3, Fig1A) ; it searched for nectar, remaining on average 16 seconds in each flower. Except for Plebeia sp. that landed directly on the anthers in search of pollen, the other visitors (Table 3 ) entered the flower between the corona and androgynophore to the nectary ring. We considered Epicharis flava to be a pollinator as we observed contact between floral reproductive parts and thoracic terga, whereas no such contact by Euglossa cordata was observed.
Butterflies (Lepidoptera) and hummingbirds (Trochilidae) were the most frequent visitors of P. kermesina (Table 3, Fig1B) . The hummingbirds performed quick visits (about 7 seconds on each flower) and always contacted the reproductive parts of the flower with their head. Heliconius ethilla narcaea remained on the flowers for 40 seconds on average and the contact, less frequent, could occur via both antennae and wings (Table 3 , Fig 1B) . work to plant extinctions was low (R = 0.38), suggesting that the network was particularly fragile (Fig4) . In all cases the robustness values were significantly different to the null models (P < 0.001, Table 4 ). Sequentially removing the plants based on flower size resulted in higher robustness values than removing plants based on their number of interactions (R = 0.60 and 0.64 for the flower-visitor and plant-pollinator networks respectively). When considering the loss of animals based on body size, the flower-visitor network was highly robust (R = 0.84). However, when examining the plant-pollinator network, robustness to animal loss was considerably lower (R = 0.67) as many insects such as Apis mellifera and Plebeia sp. although visiting the plants, did not pollinate them.
Discussion
Flowering period, floral biology and pollinators
Species of Passifloraceae in the studied semi-deciduous forest fragments differ in their flowering strategies and morphological features, such as colour, size, orientation and position of the corona and perianth and consequently vary in the main visitor groups associated with them. The importance of these animals for the five species was confirmed through pollination experiments showing that these plants could not self-pollinate.
Different flowering strategies were observed among the plant species. The high intensity of flowering of Mitostemma glaziovii over a period of several weeks was attractive to numerous groups of visitors, including opportunistic species, a phenomenon observed by others when multiple plants concurrently offer of flowers (Gentry, 1974; Ratchcke & Lacey, 1985) . This may explain the greater richness and diversity of visitors, including different groups of animals, to the flowers of M. glaziovii. Although the floral characteristics of this species point to pollination by Lepidoptera, the offer of abundant resources by intense flowering associated with a sweet odour and exposed nectary facilitates the exploitation of nectar by other insects too, as observed in our work. The flowering of M. glaziovii restricted to the dry season possibly also contributes to the high species richness of visitors, since this is the season of lower availability of flowers (Morellato et al., 2000) , indicating the high importance of M. glaziovii for numerous groups of insects. This is probably the case for large bees of the genus Xylocopa and Eulaema, whose adults are active throughout the year in the region (Aguiar & Gaglianone, 2008; Bernardino & Gaglianone, 2013) . Despite the low concentration of nectar, when compared to a typical melittophilous species such as P. alata, the flowers of M. glaziovii must be important for these bees by intense flowering in a period of reduced availability of floral resources in the environment more generally. Mitostemma glaziovii should be considered in future studies because of this relevant ecological role in a seasonal forest and also because of their geographical Table 3 . Visitors/pollinators of Passifloraceae flowers in lowland seasonal semi-deciduous forest in Rio de Janeiro state, Brazil, and features of their behaviour. VT = average visit time; SD = standard deviation; FV = average relative frequency of visits; FR = floral resource collected; BC = body parts that contact anthers and stigmas; B = behaviour, N = nectar; P = pollen; Po = Pollinator; Ro: Robber. H' = Shannon diversity index. NM= not measured.
visitors. These insects are very abundant, especially in the late morning, when the volume of nectar produced by the flowers of P. kermesina reached the highest values. This high frequency of visits, associated with the possible pollination behaviour through the movement of their wings or the touch of antennae in floral reproductive parts, suggests that Heliconius butterflies may be important pollinators, especially in the low frequency of visits or absence of hummingbirds. This suggestion has already been made by Benson et al. (1976) and our observations confirm these insects as potential pollinators, although less efficient than the hummingbirds. The flowering of Passiflora alata differs from the previous species because of the opening of only a few flowers on each plant per day, but in higher numbers of flowering plants simultaneously. Beyond flowering, floral traits are compatible with the description of the melittophily with pollination by large bees: large flowers with great volume (especially early in the morning) and high concentration of the nectar and sweet odour. Epicharis flava was the main pollinator due to its large body. As noted in other studies with natural populations (Varassin & Silva, 1999) or even in cultivations of P. alata (Gaglianone et al., 2010) , large oil bees of the tribe Centridini are their main pollinators. The use of Passifloraceae flowers as nectar sources by these bees had been highlighted by Gaglianone (2006) . Some features of P. malacophylla such as the size of flowers and short period of anthesis (only in the morning), suggested it as primarily melittophilous with pollination by medium or large sized bees. Based only on body size, honey bees could be considered potential pollinators. However, the behaviour of these bees on the flowers indicated them as robbers. This behaviour is similar to that observed in flowers of Passiflora edulis flavicarpa, the yellow passion fruit, cultivated in the study region (Benevides et al., 2009) . In flowers of both species, honey bees seek the pollen, which is taken directly from the anthers, without contact with the stigmas.
The intense pollen removal directly from the anthers without promoting pollination was also observed by Plebeia sp in flowers of Passiflora suberosa. Flowers of this plant, the smallest among the studied species, present pollination syndromes by small insects. However, only bees visited them in the study area and medium sized bees were the pollinators. Unlike other species, P. suberosa showed high self-compatibility, which had already been described in other study (Varassin & Silva, 1999) . Our observations suggest that pollen removal made by Plebeia can even prevent selfpollination, by pollen removal mainly in the period in which the stigmas were still curving themselves, before they were receptive.
Network plants-pollinators
The construction and analysis of our relatively simple plant-animal interaction networks within Atlantic forest fragments enabled us to consider how robust they are to simulated Table 4 . The robustness (R) of a) the pollinator network to animal extinctions (M1) and b) the flower-visitor network to animal and plant extinctions (M2 and M3 respectively). If R → 1, this is conIf R → 1, this is consistent with a very robust system in which, for instance, most of the plant species survive even if a large fraction of the animal species go extinct. Conversely, if R → 0, this is consistent with a fragile system in which, for instance, even if a very small fraction of the animal species are eliminated, most of the plants loose all their interactions and go extinct. distribution restricted to the Atlantic forest (Bernacci et al., 2013) . The flowering pattern of P. kermesina, in contrast to M. glaziovii, presents shorter flowering periods during the year and produces fewer flowers per day in plants sparsely distributed. This strategy is associated with trapline behaviour of pollinators such as hummingbirds and orchid bees (Janzen, 1971) , also observed in our study. The floral morphology, however, with petals and filaments pink and red, high volume of nectar, reduced corona and long distances between nectaries and reproductive organs indicate the ornithophilous pollination syndrome (Faegri & Pijl, 1979) . Hummingbirds were undoubtedly the most efficient pollinators, by their behaviour and body size, although Lepidoptera were the most frequent species extinction. Moreover, by examining which animals contacted the reproductive parts of the plants we were able to differentiate the structures of the flower-visitor network with the 'true' plant-pollinator network. We found differences in network structure and complexity. Although the robustness of the flower-visitor network to animal loss was generally high, robustness declined when only true pollinators were included in the network. This has implications for studies of ecological networks that in the past have considered flower-visitor networks as pollination networks and have used the terms interchangeably (e.g. Pocock et al., 2012) . We found that the flower-visitor network had low robustness when plants were sequentially lost (based on the most-to-least connected) and was particularly fragile. Although body size can predict degree in plant-animal mutualistic networks (e.g. Chamberlain & Holland, 2009 ), we found that the frequency of interaction of key plants was more important to network integrity than plant and animal size, although we concede that our network was too small and incomplete to test this conclusively. Considering the possible effects of the forest fragmentation on the ecological interactions (e.g. Hagen et al., 2012) , our results suggest that the loss of Passifloraceae could have considerable cascading effects on the animals feeding on them within the forest fragment. Future studies should consider the wider interactions between all flowering plants and animals in this habitat.
